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Differential cross sections and analyzing powers of neutrons elastically scattered from %0, °Co,
and Pb were measured using two 183 cm long position sensitive scintillators. A beam of polarized
neutrons (P=0.51, E,=23 MeV) was produced by the *H(d,n)*He reaction. A superconducting
solenoid was used to precess the neutron spin by 180° for the determination of analyzing powers.
After correcting for neutron flux attenuation and multiple scattering due to the finite size of the
scatterers, the data were analyzed using a conventional optical model potential.

I. INTRODUCTION

It has long been recognized that polarization studies are
crucial for an accurate determination of the characteris-
tics of the spin-orbit part of the nucleon-nucleus interac-
tion. A few years ago Roman' raised the question con-
cerning the shape of the spin-orbit part of the neutron op-

. tical potential. To shed light on this point one must have
accurate neutron-nucleus analyzing power data. The re-
cent work of Floyd et al.? for neutron scattering on light
nuclei °Be, 2C, and “°Ca) indicates that if the spin-orbit
interaction is restricted to the conventional Thomas form,
the diffuseness a,, is unusually small as compared with
global values; this small value of ag, is in agreement with
the conjecture made by Roman. Good quality neutron
data could also determine other details of the potential
such as the presence of an imaginary term in the spin-
orbit potential at low neutron energies. This has been dis-
cussed by Floyd et al.,>? Delaroche et al.,* and Mackin-
tosh and Kobos.’

Analyzing powers and differential cross sections were
measured for 23 MeV neutrons elastically scattered from
160, 3Co, and Pb in the present investigation. Optical po-
tential analysis of the data was carried out using the com-
puter code MAGALI (Ref. 6) with an aim to elucidate the
spin-orbit part of the potential.

II. EXPERIMENTAL PROCEDURE

A pulsed beam of polarized neutrons was obtained from
the 3H(d,n)*He reaction. The pulsed deuteron beam was
derived from a CN Van de Graaff accelerator with a
Mobley magnet compression system. The target was a tri-
tium gas cell cooled to liquid nitrogen temperature. At an
incident deuteron energy of 7 MeV and an angle of 30° to
the incident beam, the resulting neutron energy is 23 MeV
and the beam polarization is 0.51+0.02. A description of
the neutron facility has been reported by Soukup et al.’

A schematic drawing of the experimental setup is
shown in Fig. 1. A superconducting solenoid placed at
30° to the incident deuteron beam was used to precess the
neutron spin through 180°. All scattering samples were
cylindrical in shape, 3.81 cm in length and in diameter,
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and were placed just beyond the superconducting solenoid
with the axis of the cylinder along the direction of the in-
cident neutron beam. The distance between the tritium
gas cell and the scatterer was 122 cm. The scattered neu-
trons were detected by two 183 cm long, 7.62 cm diame-
ter, NE213 liquid scintillators. One scintillator at a dis-
tance of 401 cm from the scatterer-covered a scattering
angular range of 13.6° to 37.8°, and the other at a distance
of 327 cm covered 56.5° to 84.0°. Massive steel shielding
was placed around the tritium gas cell and the scintilla-
tors. The aperture at 30° was lined with heavy metal so
that the solid angle of the neutron beam at the scatterer
position was slightly larger than the solid angle subtended
by the scatterer.

Neutron time-of-flight technique and n-y pulse-shape
discrimination were used in the detection of neutrons. An
RCA 8854 photomultiplier tube was. used to view the
scintillation signal at each end of the long scintillators.
The time difference of the scintillation signal as observed
by the two photomultiplier tubes gives the position of the

scatterer
0,,p= 56.5°

solenoid Det#2

T(d,n) “He
0, = 84.0°

FIG. 1. A schematic drawing of the experiment.
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scintillation. Since a pulsed beam of deuterons was used
to produce the neutrons, neutron time-of-flight circuits
were set up between the pulsed beam pickoff and each of
the left and right photomultipliers. Signals from the left
and right time-of-flight circuits, the n-y pulse-shape
discrimination, and the amplitude of the scintillation were
recorded event by event on magnetic tape.

Differential cross sections and analyzing powers were
determined for neutrons elastically scattered from natural
samples of H,O, D,0O, Co, and Pb. Measurements with
scatterer in and scatterer out were carried out for back-
ground subtraction, and measurements with solenoid mag-
netic field on and field off were carried out to determine
analyzing powers. A neutron monitor placed at a fixed
position was used for normalization.

Since the long scintillators were placed at different dis-
tances from the scatterer and subtended a chord instead of
an arc, the difference in geometrical effect was corrected
by measuring the y-ray intensity emitted by a PuBe
source placed at the scatterer position.

III. RESULTS

The long scintillator placed at the forward angle was
divided for analysis into 16 segments giving measure-
ments of 16 angles, each segment subtending 1.5° at the
scatterer. This division is justified by the 18 ns which it
takes for a scintillation signal to travel from one end of
the long scintillator to the other and the system timing
resolution of approximately 1 ns if a small detector is
used. Since the neutron count rate decreases rapidly at
larger angles, the other long scintillator was divided for
analysis into eight segments, with each segment subtend-
ing an angle of 3.4°. The energy bias for all segments of
both scintillators was set at approximately 9 MeV energy.

H,0 and D,O were used as scatterers for the measure-
ment of differential cross sections and analyzing powers
of n-O elastic scattering. The n-H and n-D results in the
present measurement were compared with the n-H dif-
ferential cross sections determined by Flynn and Bendt?
and Scanlon et al.’ and with the n-D differential cross
sections determined by Seagrave et al.!° and Burrows.!!
After a normalization factor was determined, absolute dif-
ferential cross sections were evaluated for n-O, n-Co, and
n-Pb elastic scatterings.

In the *H(d,n)*He reaction at ,=30°, the neutron po-
larization varies smoothly from 0.50 to 0.53 with an un-
certainty of +0.02 for deuteron energies from 6.5 to 7.0
MeV.!213 Because of the energy loss in the thin foil of
the gas cell and in the tritium gas by the 7.0 MeV incident
deuteron beam, the deuteron energy at the middle of the
gas cell was about 6.7 MeV. By interpolating the polari-
zation values between deuteron energies of 6.5 and 7.0
MeV, the neutron beam polarization was estimated to be
0.51. This value was used in the determination of analyz-
ing powers for n-O, n-Co, and n-Pb elastic scattering.

Since a fairly large scatterer was used in the experi-
ment, effects due to flux attenuation of the incident neu-
tron beam and multiple scattering of neutrons in the
scatterer had to be evaluated in order to make corrections
to the measured differential cross sections and analyzing
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powers. The computer code PMS1 (Ref. 14) was used for
such corrections. The original program written by Miller
et al.'® was modified to accommodate the present experi-
mental geometry. It uses a Monte Carlo technique and
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FIG. 2. A comparison between the corrected and uncorrected
differential cross sections and analyzing powers for n-Pb elastic
scattering. The correction is for flux attenuation of the incident
neutron beam and neutron multiple scattering in the scatterer.
The errors in the differential cross sections are smaller than the
size of the circle. For reason of clarity, only the ersors for the
corrected analyzing powers are shown.



78 S. T. LAM et al. 32

flux estimation to simulate the experimental situation.
The differential cross section for n-Pb elastic scattering is
increased by about 30%, n-Co by about 109%, and n-O by
about 8% at the forward angles, while at angles around
the first minimum, the differential cross sections are re-
duced by about the same percentages. The correction to
the analyzing powers increases the amplitudes of the max-
imum and minimum values and is mostly smaller than the
statistical uncertainty of the measured analyzing powers.
A comparison between the corrected and uncorrected dif-
ferential cross sections and analyzing powers for the case
of n-Pb elastic scattering is shown in Fig. 2.

The differential cross sections and angular distributions
of analyzing powers for n-O, n-Co, and n-Pb elastic
scatterings at a neutron energy of 23 MeV determined in
the present measurement are shown in Figs. 3—5. The er-
rors in the differential cross section are about 3—4 % ex-
cept near the minimum, where they may be as large as
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FIG. 3. Differential cross sections and angular distribution of
analyzing powers for n-'°O elastic scattering at E,=23 MeV.
The dashed curve gives the result of the calculation using optical
potential parameters from Becchetti and Greenlees and the solid
curve the result from best fit parameters.
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FIG. 4. Differential cross sections and angular distribution of
analyzing powers for n-*Co elastic scattering at E, =23 MeV.
The dashed curve gives the result of the calculation using optical
potential parameters from Becchetti and Greenlees and the solid
curve the result from best fit parameters.

8—10%. The errors in the analyzing power are mainly
due to statistics. They are about +0.03 at smaller angles
and about +0.1 at larger angles. Since the scatterers were
made from natural materials, the Pb scatterer (52% 2°%Pb,
229% 297Pb, 259% 2°Pb) combined the effect of several iso-
topes. The Co scatterer is isotopically pure, i.e., *°Co
only, and the O scatterer is 99.76% '°O.

Since the time resolution for each bin of the first long
scintillator was about 1.1 ns and that for the second long
scintillator was about 2.2 ns, the inelastic and elastic neu-
tron peaks in the time-of-flight spectrum were resolved
for n-'°0 and n-°Pb scatterings, but not in the case of
n-**Co, n-*Pb, and n-*’Pb. El-Kadi et al.'® measured
the inelastic neutron scattering cross sections for isotopes
of Fe and Cu at neutron energies of 8 to 14 MeV and
found the cross sections to be about 10 mb/sr or less
throughout their angular range and not varying much
with neutron energy. Hence it is assumed that the inelas-
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FIG. 5. Differential cross sections and angular distribution of
analyzing powers for n-Pb elastic scattering at E,=23 MeV.
The dashed curve gives the result of the calculation using optical
potential parameters from Becchetti and Greenlees and the solid
curve the result from best fit parameters.

tic neutron contribution to the elastic peak is small in the
present measurement of n->Co and n-Pb elastic scatter-
ings except near the minima of the differential cross sec-
tions. The effect of the inelastic neutrons on the results of
the optical model analysis will be examined in the next
section.

The unusually large positive analyzing power around
20° observed by Begum et al.!” at a neutron energy of 16.1
MeV is not seen in the present measurement. The varia-

tion of the analyzing power in this angular region is quite
smooth in '®°0 and Pb. The analyzing power at 17° in
Co is slightly positive and inconsistent with the other
data points in this angular region. It is possible that there
is a spurious error with this data point.

IV. OPTICAL MODEL ANALYSIS

The computer code MAGALI (Ref. 6) was used in the
optical model analysis of the data. The form of the opti-
cal potential used is

U= —Vf(rr,a,)—i [Wv——4aw WD% frry,ay,)
+2k3ero—l_—d_f(r’rso’aso)1's ’ (1)
¥ dr

where V, W,, Wp, and V, are, respectively, the depths
of the real, imaginary volume, imaginary surface, and
spin-orbit parts of the potential, and f(#,7;,a;) are of the
Woods-Saxon shape given by

frria)={1+exp[(r —r;4'?)/a;1} 7" .

The finite angular spread in the angle subtended by the
different segments of the long scintillators was taken into
account in the calculation.

Of all the global sets of optical model potentials for
neutron-nucleus scattering, the set by Becchetti and
Greenlees'® has most often been used in making compar-
ison with other optical model potentials. Although new
global sets have been developed by Ohio!®> and TUNL,®
they are, however, similar in nature and their geometry
parameters do not differ significantly from each other.
For this reason the set by Becchetti and Greenlees is
chosen as representative of the global behavior of optical
model calculations.

The differential cross sections and angular distributions
of analyzing powers calculated using the global parame-
ters of Becchetti and Greenlees for neutron elastic scatter-
ings of 160, 9Co, and Pb at 23 MeV are shown as dashed
curves in Figs. 3—5. Since the variation of the global pa-
rameters is small for the different isotopes of Pb, the pa-
rameters corresponding to 2°Pb were used in the Pb cal-
culation. The calculation underestimates the cross sec-
tions and gives deeper minima for all three scatterers.
The calculated values of the analyzing powers generally
follow the trend of the experimental variation in '°O and
Pb, but in °Co the calculated analyzing powers have the
opposite sign to that of the measurement for angles be-
tween 14° and 30°. Other global parameter sets!®!® were
also used in the calculation and produced similar results.

The computer code MAGALI was used to obtain op-
timum optical model parameters by fitting the data using
the global sets as initial parameters. The optimum set was
arrived at only after using the search routine repeatedly
with parameters from the previous search as a guide.
Hence the final values of the optimum parameters had no
bearing to which global set was used initially. Since the
cross section data were more accurately determined than
the analyzing power data, weighting using the respective
errors could only give good fits to the differential cross
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sections but not the analyzing powers. This is due to the
fact that the X? from the cross section data is much larger
than the X2 from the analyzing power data, resulting in a
domination of the cross section data in the fitting process.
By increasing the weighting factor of the analyzing power
data to 5, reasonable fits to the analyzing power data
could now be achieved while good fits to the cross section
data could still be maintained. Even though the analyzing
power data were not determined as accurately as the cross
section data, the inclusion of analyzing power data in the
optical model analysis is important so as to give credence
to the determined values of the spin-orbit potential. The
best fit results for °0, *°Co, and Pb are shown as solid
curves in Figs. 3—5.

An extensive search was carried out to fit our present
data with an average geometry for all three nuclei without
success, indicating that the structure of individual nuclei
may cause the geometry to change from nucleus to nu-
cleus. As shown in Figs. 3—5, the results of the calcula-
tion using the global set by Becchetti and Greenlees can
only give the general shapes of the experimental distribu-
tions. This is also true for the other two global sets. The
failure of using global parameter sets to precisely describe
neutron data has been reported (see, for example, Ref. 21).

Table I gives a tabulation of the global set by Becchetti
and Greenlees, global set A of Ohio,! and the optimum
parameters determined presently for °0, *°Co, and Pb.
The global sets from TUNL (Ref. 16) are not listed for
comparison, since in the TUNL optical potential the
geometry parameters for the imaginary volume part of the
potential are chosen the same as the geometry parameters
of the real part of the potential. This is different from the

form of the volume imaginary potential given in Eq. (1),
where the same geometry parameters are used for both the
imaginary volume and imaginary surface parts of the po-
tential. The global sets of Becchetti and Greenlees and of
Ohio use the same form as in Eq. (1).

The X? per data point is also tabulated in Table I. It is
used as a criterion to judge the quality of fit between cal-
culations and experimental data. The optical model cal-
culations-using global set A of Ohio give a slightly better
fit to the data than those of Becchetti and Greenlees. In
global set B of Ohio, an A dependence is allowed for the
radius parameter of the real part of the potential instead
of a fixed value for all 4. Calculations using global set B
do not fit the data as well as set A. The fit for set B is ap-
proximately the same as the fit for Becchetti and Green-
lees. The quality of fit to the data using the global sets of
TUNL is about the same as global set A of Ohio.

Since the optical potential parameters derived from a
search routine are not unique, the uncertainties of the pa-
rameters were determined as follows. The geometry pa-
rameters were changed one at a time from their optimum
values while the rest of the parameters were set free in the
search program in order to arrive at another minimum X?2.
The uncertainty in that parameter was then determined
from its extreme values that still gave a reasonably good
fit to the data.

Most of the present geometry parameters agree with the
average geometry parameters of the global sets within the
uncertainty determined as described in the preceding para-
graph. The significant difference is that the present ra-
dius and diffuseness parameters for the imaginary poten-
tial are larger in '°0O and smaller in Pb than the global pa-

TABLE L. Optical potential parameters from Becchetti and Greenlees, global set A of Ohio, and the best fit parameters from the
present search using MAGALL The well depths are in MeV and the radii and diffuseness parameters in fm. ¥2/N and X%/N are,
respectively, the chi squares per data point from differential cross sections and analyzing powers. J,/A4 and J,, /A are, respectively,
the real and imaginary volume integrals per nucleon and J,/A4 '/ the spin-orbit volume integral divided by the one-third power of

the mass number. Their units are in MeV fm?.

150 $Co Pb
Ohio Ohio Ohio
Parameter BG set A Present - BG set A Present BG set A Present
14 48.91 46.60 4291 46.87 45.05 34.20 43.83 42.72 38.91
o 1.17 1.198 1.183 1.17 1.198 1.346 1.17 1.198 1.268
a, 0.75 0.663 0.668 0.75 0.663 0.697 0.75 0.663 0.509
w, 3.52 4.44 4.64 3.52 4.44 4.819 3.52 4.44 0.376
W 7.23 5.03 0.68 6.21 4.15 8.757 4.69 2.83 14.95
Fu 1.26 1.295 1.390 1.26 1.295 1.249 1.26 1.295 1.069
Ay 0.58 0.59 0.861 0.58 0.59 0.341 0.58 0.59 0.349
Veo 6.20 5.18 6.20 4.40 6.20 6.47
Fo 1.01 1.003 1.01 1.212 1.01 1.128
as 0.75 0.36 0.75 0.457 0.75 0.470
J,/4 538 495 445712 399 389 410742 328 334 347+1}
Ju/A 189 163 110*13 111 101 10212 69 67 53+3
Joo /A3 157 131+9; 157 13413} 157° 183+8!
Xi/N 62 40 2.1 40 35 3.8 150 134 4.2
X%/N 12 12 1.4 11 11 1.5 11 10 2.2
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rameters listed in Table I. The spin-orbit diffuseness pa-
rameter is also-found to be small for all three nuclei in
this investigation, supporting the finding of the TUNL
group” and the conjecture of Roman.! In a recent analysis
of n-?Pb elastic scattering at 10 MeV, Delaroche et al.*
arrived at values of 0.491 and 0.520 fm for a,,, which is
in agreement with our value of 0.470 fm for Pb. a, is
particularly small for '®0, which is in agreement with re-
cent analysis on very light nuclei.?>?3

Both volume and surface terms of the imaginary poten-
tial are found to be necessary. The variation of the sur-
face well depth with respect to the volume well depth
changes systematically from light to heavy nuclei. In 0O
the potential is mostly volume, in Pb it is mostly surface,
while in *°Co the two contributions are comparable. The
well depths for W, and W), do not agree with the predic-
tions of the global sets.!®1%1°

The question of the necessity of an imaginary spin-orbit
potential was also investigated. Since the data could be
fitted equally well with and without an imaginary spin-
orbit potential, we conclude that the requirement is not
evident for 23 MeV neutrons using the standard shape of
the optical potential. This is contrary to the findings of
Floyd et al®? and Delaroche et al.,* who analyzed neu-
tron scattering data of >*Fe, °Cu, and °*Pb at 10 and 14
MeV and concluded that a small positive W, was re-
quired to fit the data. It is, however, possible that the re-
quirement of an imaginary spin-orbit potential is energy
dependent, as indicated in the analysis of proton data by
Mackintosh and Kobos,” who used an [-dependent poten-
tial. In another work by the TUNL group, the result
seems to show a reduction of the imaginary spin-orbit po-
tential with an increase in neutron energy in the region of
10—14 MeV for °Ca elastic scattering.?! This reduction
is in the same trend as the variation for proton data and it
is possible that the imaginary spin-orbit potential changes
sign around 23 MeV in the case of neutrons. The ex-
istence of an imaginary spin-orbit potential is postulated
in the microscopic calculation of Brieva and Rook,* and
its strength is calculated to be 10—15 % of the real part of
the spin-orbit potential, but the sign there is negative.

Because of the V:r? and W-a,, type of ambiguities, it
has been suggested? that the volume integral per nucleon
of the potential is a better measure of the potential
strength than the potential depth itself. The volume in-
tegrals per nucleon for different parts of the optical poten-
tial were calculated and are also tabulated in Table I. The
errors in the volume integrals per nucleon were calculated
from the uncertainties determined for the parameters.

The volume integrals per nucleon for *°Co and Pb
determined in the present analysis are about the same as
those derived from the global sets.'®!®!° However, for
160, the volume integrals per nucleon for all three parts
(real, imaginary, and spin-orbit) of the optical potential
are found to be smaller than the global values, supporting
the conjecture that light nuclei may have different global
properties.

From the analysis of the centroid energies of the bound
single particle states and the results of the optical model
analysis, Cooper and Hodgson?® arrived at the following
expression for the energy dependence of the spin-orbit po-

tential:

Veo=(6.5+0.5)—(0.023+0.012)E MeV ,

with r,,=1.1 fm and a,,=0.62 fm. In order to avoid the
difference in the geometry parameters used, the volume
integral, J,,/4'/3, is calculated for the above relationship
for 23 MeV neutrons and its value of 165+16 MeV fm?
compares well with the values for >°Co and Pb in Table I,
but not so well with the value for '°0. This indicates once
again that light nuclei may have different global behavior
also in the spin-orbit potential strength.

Since the inelastic neutrons from the n->°Co, n-2°°Pb,
and n-2’Pb were not separated from the elastic neutrons
in the present measurement, a DWBA calculation?® was
used to estimate the inelastic cross sections in such nuclei.
If the low-lying collective states of *°Co are due to the
coupling of an f;,, proton hole to the 2%, first excited
state of ®°Ni, we can use the description of the weak cou-
pling between the proton hole and the vibrational core to
calculate the inelastic cross section in **Co. Using the op-
tical potential parameters determined presently for >°Co
and a deformation parameter of 0.211 (Ref. 27), the sum
of the inelastic cross sections to the low-lying collective
states was obtained. The sum of the inelastic cross sec-
tions varies smoothly from 14 to 1.5 mb/sr in our angular
region and is about 10 mb/sr near 30°, where the first
minimum of the differential cross section occurs. Hence
the inelastic neutrons as estimated from calculation are
contributing approximately 1—8 % to the measured elas-
tic scattering cross section except near 30°, where the con-
tribution is about 25%. The analyzing powers for the in-
elastic neutrons predicted from the DWBA calculations
are small compared to the statistical errors in our angular
region. In order to examine whether the inelastic neutron
contribution affects the optical potential parameters deter-
mined by this experiment, the calculated inelastic cross
sections were subtracted from the measured elastic cross
sections and the resulting cross sections and the analyzing
powers were fitted once again with the real, imaginary
volume, and imaginary surface well depths set free while
the rest of the parameters were kept the same.as before.
The well depths resulting from the search differed only
slightly from the original values and were well within the
uncertainties determined in the optical potential parame-
ter sensitivity investigation.

Since the inelastic neutrons were separated from the
elastic neutrons in n-2°Pb scattering, the inelastic cross
sections were calculated only for n-2°Pb and n-2’Pb
scatterings in the estimation of inelastic neutron contribu-
tion to n-Pb elastic scattering. Using the optical potential
parameters determined presently for n-Pb elastic scatter-
ing and a deformation parameter of 0.037 (Ref. 27), the
combined inelastic neutron scattering cross sections due to
2Pb (25% natural abundance) and 2’Pb (22%) were
found to vary smoothly from 1.5 to 0.1 mb/sr over our
angular range. The calculated analyzing powers were
again found to be small. Hence the unresolved inelastic
neutrons as predicted by calculation are not significantly
affecting the measured cross sections and analyzing
powers of the n-Pb elastic scattering.
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V. CONCLUSION

Differential cross sections and angular distributions of
analyzing powers were measured for n-'°0, n-*’Co, and
n-Pb elastic scatterings at 23 MeV. Optical model
analysis using the global sets'®'®1° cannot adequately
reproduce the data distributions. Separate parameter sets
are required to fit the data. Some deviations of the
geometry parameters from the global values are observed,
especially the small ag, obtained for the spin-orbit poten-
tial.

Recently Finlay et al.“® investigated the energy depen-
dence of the optical model parameters using n-*Pb
scattering in the energy range of 7—50 MeV and found

1‘28

energy variation in the geometry parameters. Calcula-
tions using their parameters interpolated for 23 MeV
(Table II of Ref. 28) and their common geometry parame-
ter set (Table III of Ref. 28) did not reproduce as detailed
a fit to our data as is obtained in the present work. The
quality of the fit, however, is slightly better than global
set A of Ohio. On the other hand, the volume integrals
per nucleon agree well with our values. This indicates
that the global parameter sets are adequate for providing
information on the gross behavior of the potential even
though they may not reproduce the finer details of a
specific data set.
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